Introduction
At a time when no oxygen was present on Earth yet, microbes were able to derive energy from anaerobic respiration processes. The microbial reduction of metals and elemental sulfur is considered to stand at the evolutionary beginning of life around 3.5 billion years ago. 1 A long time after, 2.4-2.1 billion years ago, the great oxygenation event on Earth took place. 2 The evolution of oxygenic photosynthetic microorganisms resulted in the release of large amounts of free dioxygen into the atmosphere.
Anaerobic respiratory processes like CO 2 reduction to methane, sulfur and sulfate reduction, and the reduction of iron(III) and nitrate have been * These authors contributed equally to this manuscript. studied well over the past decades, [3] [4] [5] [6] and their roles in the geochemical cycling of elements have been widely elucidated. However, the diversity of inorganic electron acceptors utilized by microorganisms for energy conservation is much broader, comprising also a range of metals, metalloids, radionuclides, [7] [8] [9] and halogens, such as bromate, 10 iodate, 11 and the chlorine oxyanions chlorate and perchlorate. 12 In this review, we give an overview of the latest discoveries on the microbial reduction of the chlorine oxyanions. Novel findings on the genetics of mesophilic perchlorate-and chlorate-reducing bacteria [13] [14] [15] [16] [17] and recently identified alternative pathways for the reduction of chlorine oxyanions in bacteria and archaea [18] [19] [20] are discussed. In light of growing evidence for natural doi: 10.1111/nyas.12806 deposition of chlorine oxyanions on Earth 21 and the large diversity of perchlorate-and chlorate-reducing microorganisms, 18, [22] [23] [24] [25] [26] [27] it seems that the geochemical importance of this trait has been underestimated.
The origin and occurrence of chlorine oxyanions
Human-made chlorate has been extensively used as herbicide and also in the paper and pulp industry, where it is converted to chlorine dioxide. Chlorine dioxide and hypochlorite are common disinfectants and bleaching agents. They are very reactive and form chlorine compounds of different oxidation states, such as chlorite, chlorate, and chloride. The production of sodium chlorate in 2000 was 2.1 million tons in North America and around 3 million tons worldwide. 28 However, the chlorine oxyanion most widely dispersed in nature is perchlorate. Both anthropogenic and natural sources of perchlorate are found in the environment. 29 Perchlorate has been manufactured for more than 100 years, mainly for its use as an explosive and as rocket propellant in the form of ammonium perchlorate. 30 Especially after World War II, an increased demand for perchlorate raised its production to an estimated 18 million kg per year in the United States alone. 28 The current production of perchlorate is difficult to determine, since perchlorate is a classified strategic compound in the United States. 30 Former disposal practices in the aerospace, military, and chemical industries are the main cause for perchlorate found in groundwater and surface waters. It was reported that 15.9 million kg of perchlorate has been released into the environment since the 1950s, 31 causing a threat to the environment and human health due to the toxicity of the compound. This raised interests in the biological remediation of perchlorate-polluted sites and drove scientific research on bacteria that reduce chlorine oxyanions. The use of microorganisms for the treatment of contaminated wastewater 32 and groundwater 33 was studied. Microbial reduction of chlorine oxyanions was also proposed for the in situ bioremediation of soils. 34 Research, particularly during the past decade, has led to insight into the natural formation of perchlorate. In contrast to anthropogenic pollution, natural formation and deposition of perchlorate involve much lower concentrations of perchlorate that is not locally concentrated. 21 The most significant and best-known natural accumulation of perchlorate on Earth is found in the Atacama Desert in Chile, where it is codeposited with nitrate. 35 Perchlorate in the Atacama Desert and depositions found on Mars are both of atmospheric origin. Atmospheric formation and introduction on Earth was also proposed for chlorate. Chlorate was detected in caliches and soils, groundwater, and precipitation samples. 36 Several mechanisms have been proposed for the natural formation of perchlorate, such as electrochemical discharge reactions, 37 the oxidation of chloride by ozone, 38 and photochemically mediated processes in the atmosphere. 39 While the most significant mechanism is not yet known, there is consensus about its permanent deposition on Earth, most probably from a stratospheric source. Perchlorate accumulates only in arid environments (e.g., the Atacama Desert, Antarctic dry valleys), which is likely attributable to the inactivity of microorganisms in the absence of water. 21 Elsewhere on Earth, perchlorate is thought to be biologically reduced to chloride. Perchlorate has been found in groundwater samples from pre-anthropogenic times, and some estimates about when natural perchlorate formation and deposition on Earth started range up to millions of years ago. 21, 40 Taking an average deposition rate of perchlorate on Earth of 3.6 g/km 2 /year, 21 around 1.8 million kg of perchlorate is deposited on Earth every year. This rough estimate of natural perchlorate deposition even exceeds the reported anthropogenic release of perchlorate. 31 This permanent introduction of perchlorate on Earth since pre-anthropogenic ages has represented a valuable source of energy for microorganisms and may have affected the evolution of enzymes that reduce perchlorate and chlorate.
Microorganisms that reduce chlorine oxyanions
In the early 20th century, the first scientific observations of microbial reduction of chlorate were reported, 41 but it took another 50 years before the first axenic perchlorate-reducing bacterium was isolated and described. 32 Research on Wolinella succinogenes HAP-1, Ideonella dechloratans, Azospira oryzae GR-1, Dechloromonas agitata CKB, and Dechloromonas aromatica RCB has resulted in more insight in the physiology and genetics of chlorate and perchlorate reduction. [42] [43] [44] [45] [46] Almost 100 strains of chlorate-and perchloratereducing microorganisms have been obtained over the past 40 years, although the number of publicly deposited organisms is lower. The vast majority of microorganisms that reduce chlorine oxyanions are facultative anaerobes affiliated with the Proteobacteria, predominantly belonging to the class of ␤-Proteobacteria. 47 Besides Gram-negative bacteria, members of the Firmicutes and the Euryarchaeota were also reported to grow by the reduction of chlorate and perchlorate. 22, 23, 26, 27, 48 ( Table 1 ). The latter have a perchlorate-reducing metabolism that seems to differ notably from the one found in Proteobacteria. 18, 20, 26 Acetate is a common substrate for chlorateand perchlorate-reducing bacteria. Other organic electron donors include alcohols, 22, 23 organic acids, 44, 46 aromatic compounds, 43, 49 and aliphatic hydrocarbons. 50 Inorganic compounds like hydrogen, ferrous iron, zero-valent iron, 51 sulfide, thiosulfate, and elemental sulfur 52 can also serve as electron donors for the reduction of chlorine oxyanions. Many chlorate-and perchlorate-reducing bacteria have the ability to utilize nitrate or oxygen as electron acceptors besides chlorine oxyanions. Most described chlorate-and perchlorate-degrading microorganisms are mesophiles that grow under neutrophilic low-salinity conditions. 53 However, recently several halophilic perchlorate-reducing microorganisms were also described, belonging to the Proteobacteria and the archaeal taxon Halobacteriaceae. 24, 25, 27, 54 Besides mesophiles, thermophilic strains of Clostridia 22, 48, 55 and two hyperthermophilic Archaeoglobus fulgidus strains 26 were also reported to grow by the reduction of chlorate and perchlorate (Table 1) .
Perchlorate-and chlorate-reducing microorganisms have been isolated from a diverse range of environments, comprising pristine and hydrocarbon-polluted soils, aquatic sediments, paper mill waste sludge, farm animal waste lagoons, 46, 53, 56, 57 sea water and saline lake water samples, 58 salt ponds and solar salterns, 27 marine sediments, 24, 25 activated sludge, 42, 44, 52, 59 digester sludge, 45 submarine hot springs, 26, 60 and an underground gas storage site. 22, 23 This shows that the ability to respire using chlorine oxyanions is widespread in nature.
Enzymatic destruction of chlorine oxyanions
The chlorine oxyanions perchlorate (ClO 61 ( Fig. 1 ). Clr is genetically and structurally different from Pcr. 13, 62, 63 Perchlorate reductases and chlorate reductases are more closely related to other enzymes in the DMSO II enzyme family than to each other (Fig. 2) . Oxygen formed by chlorite dismutase can also allow the de facto aerobic degradation of aromatic and aliphatic compounds under anaerobic conditions, reaching growth rates comparable to the oxidation of respective hydrocarbons with oxygen.
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Perchlorate reduction
There is growing evidence that mesophilic perchlorate respiration genes are horizontally transferred. The mesophilic perchlorate-reducing bacteria Dechloromonas aromatica, D. agitata, Azospira suillum, and Magnetospirillum bellicus contain genes encoding perchlorate reductase (pcrABCD) and chlorite dismutase (cld) that were clustered and located on genomic islands on the chromosomes. 16 In D. aromatica and A. suillum, the genomic islands are very similar and cld is located upstream of pcrD followed by two genes for cytochromes, a quinol dehydrogenase tetraheme c-type and a diheme cytochrome c-type protein, (Continued) a Physiological and environmental data were added in cases where these were reported.
and moaA, encoding an enzyme involved in molybdenum cofactor biosynthesis. Downstream of pcrA are genes for a response regulator, a histidine kinase, a PAS-domain sensor peptide, a -factor/anti--factor system, and oxidoreductase components. D. agitata has a smaller genomic island in which cld is located on the opposite side (downstream of pcrA), which is followed by genes for a -factor/anti--factor system. 16 Recently, the genomic island of the newly isolated strain Sedimenticola selenatireducens CUZ was described, and it contains pcrABCD with a gene for quinol dehydrogenase tetraheme c-type cytochrome, cld, and a transposase upstream of pcrD. Downstream of pcrA are a gene for cytochrome b, a transposase and a response regulator (pcrR), a histidine kinase (pcrS), and a PAS-domain-containing protein (pcrP). 24 It would be interesting to find out if and how other genes that are also located on the genomic islands are involved in perchlorate respiration.
Perchlorate reductases are periplasmic heterodimers of PcrA and PcrB (␣␤ and ␣ 3 ␤ 3 ), carrying a Mo-bis (pyranopterin guanine dinucleotide) cofactor and iron-sulfur clusters. Electrons are transferred from a membrane-associated, protonpumping c cytochrome of the NapC/NrfH family to PcrA. PcrC, a soluble multiheme c cytochrome, was predicted to participate in electron transport reactions. 62 Its important role was experimentally confirmed with gene-deletion experiments in Azospira suillum PS. 15 However, PcrC is not indispensable for the electron transport chain during perchlorate reduction, as suggested by the absence of the respective gene (pcrC) in the perchlorate-reducing mesophile A. suillum. 15 Based on deletion experiments, it was also proposed that the electron flow to the catalytic subunit of perchlorate reductase (PcrA) may involve several alternative electron pathways. 15 
Chlorate reduction
Chlorate reductase genes are often clustered together, while the gene for chlorite dismutase can be at a more distant location. The chlorate-reducing Alicycliphilus denitrificans contains a megaplasmid that includes the gene for chlorite dismutase (cld) as well as genes for chlorate reductase (clrABDC). 17 In Ideonella dechloratans, the sequences and order of these genes encoded on the chromosome are very similar: the cld is located upstream of the gene encoding the ␣-subunit of chlorate reductase (clrA) and the genes are separated by an insertion element (ISIde1) that is not present in A. denitrificans. 64 There is another insertion element (ISAav1) oriented in the opposite direction located nearby, and the two insertion elements are bordering a cluster of clrABDC and genes encoding a cytochrome c (cytc or cyc), a molybdopterin-guanine dinucleotide biosynthesis gene (mobB), a transcriptional regulator (arsR), and a hypothetical protein. 13 These eight chromosomally located open reading frames are transcribed on a single polycistronic transcript. 64 The clrABDC cluster of P. chloritidismutans is located on a 12-kb genomic island on the chromosome, and a transposase was found downstream of the clr genes. 13, 65 There is only one insert containing the transposase gene, ISPa16, and the organization of cld with a downstream gene for cytochrome c553, an inverted repeat (ISPst12), clrABDC, and genes for an ATPase and a glycosyl transferase family protein are present, similar to Pseudomonas sp. PK. In Pseudomonas sp. PK, the genomic island is flanked by two transposase-containing inserts, ISPpu12c and ISPpu12d. These inserts also include genes for a merR regulator, a heavy metal efflux protein, and a lipoprotein signal peptide. 13 Shewanella algae and Dechloromarinus chlorophilus also contain genomic islands flanked by insertion sequences that include genes for chlorate reductase. 13 The genomic islands of S. algae and D. chlorophilus are very similar and are located on highly similar plasmids. 13 The genomic islands contain cld as well as clrABDC. Here cld is also located downstream of clrA and there is a cytochrome c553-encoding gene located between cld and clrA. Upstream of cld is a partial napC encoding the ␥ subunit of a periplasmic nitrate reductase and the insert ISPpu12a/b. This insert contains merR regulator-, heavy metal efflux protein-, a lipoprotein signal peptide-, and transposaseencoding open reading frames. Another copy of the insert, ISPpu12b, flanks the other side of the genomic island and is located upstream of clrC. Between clrC and ISPpu12b, there is an internal insert on the genomic island, ISSal1, that contains three (hypothetical) open reading frames. There are genes for an ATPase and a glycosyl transferase between clrC and ISSal1, and a hypothetical gene and a gene for a methyl-accepting chemotaxis family protein between ISSal1 and ISPpu12b.
Chlorate reductases are heterotrimers (␣␤␥ ) located in the periplasm. Similar to Pcr chlorate reductases, they contain a Mo-bis(pyranopterin guanine dinucleotide) cofactor and iron-sulfur clusters. 12 It was proposed that c-type cytochromes transfer electrons from a membrane-bound proton-pumping bc 1 complex to Clr. 61 The role of cytochrome c-Id1 from I. dechloratans as an electron donor for chlorate reduction was demonstrated later. 66 In perchlorate-reducing bacteria, a consistent set of genes coding for membraneassociated quinol dehydrogenase tetraheme c-type cytochromes was reported, and in chlorate reducers other genes were reported coding for soluble c-type cytochromes. 13, 16 This indicates the difference between the two respiratory metabolic pathways on the level of electron transport. 64 
Chlorite disproportionation
The disproportionation of chlorite by heme b oxidoreductases (incorrectly but consistently referred to as "chlorite dismutase") in the absence of oxygen is one of the few enzymatic reactions (besides photosynthesis and a proposed alternative nitrite reduction pathway 67 ) where a covalent O-O bond is formed. Chlorite dismutase activity was demonstrated for perchlorate-and chloratereducing bacteria. [68] [69] [70] The genetics and evolution of chlorite dismutase genes, the biochemical/physical properties of chlorite dismutase, and potential biotechnological applications have been reviewed recently. 12, [71] [72] [73] Functional chlorite dismutases can be distinguished into two lineages; lineage I, which contains Cld from microorganisms capable of reduction and growth based on the chlorine oxyanions perchlorate and chlorate; and lineage II, which was defined by the discovery of a Cld in Nitrobacter winogradskyi. 74 While lineage I is characterized by periplasmic enzymes of penta-or hexameric structure, lineage II Cld exhibits a dimeric structure and is predicted to be located inside the cell. 75 Host microorganisms of lineage II Cld are commonly not capable of growth using the reduction of chlorine oxyanions. Novel lineage II enzymes with efficient chlorite dismutase activity have been characterized from the Cyanobacterium Cyanothece sp., 75 the pathogen Klebsiella pneumonia, 76 and N. winogradskyi. 74 The in vivo role of lineage II Cld is not entirely understood. However, authors speculate about the detoxifying role of respective enzymes for endogenously formed chlorite by nitrate reductases upon chlorate exposure. [74] [75] [76] Besides functional Cld, an enormous diversity of Cld-like genes is found throughout the tree of life, comprising bacteria, archaea, and eukaryotic species. 73, 74, 77, 78 Recent studies demonstrated that some Cld-like gene products carry functions during heme biosynthesis in Gram-positive bacteria (consequently renamed HemQ). [79] [80] [81] Future work is required to identify the exact mechanisms and involvement of HemQ in heme biosynthesis. Horizontal gene transfer seems to be important for the distribution of cld and cldlike genes.
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Alternative pathways for the reduction of chlorine oxyanions Some microorganisms that lack a functional Cld seem to apply alternative strategies to complete the reduction of chlorine oxyanions. 18, 26, 27 As was shown for A. fulgidus, the abiotic reactivity of chlorine intermediates with sulfur compounds may play an important role in this aspect and enable continuous and complete reduction of chlorine oxyanions without the involvement of Cld. 19 The initial step of perchlorate reduction in A. fulgidus (from perchlorate to chlorite) is likely performed by a periplasmic enzyme that resembles nitrate reductases of the Nar type, a so-called pNar enzyme (Af˙0174-0176; catalytic subunit: Af˙0176) (Fig. 2) . Related enzymes are predicted based on the genomes of other anaerobic bacteria (e.g., Carboxydothermus ferrireducens, C. hydrogenoformans, Moorella thermoacetica, and M. glycerini) and archaea (e.g., Ferroglobus placidus), of which some have a very similar autecology to A. fulgidus.
The ε-proteobacterium Sulfurospirillum multivorans, an organohalide-respiring microorganism, 59 was recently described to grow by the reduction of perchlorate. In the genome of S. multivorans, only genes remotely related to perchlorate reductases were found. 18 The best candidate enzyme for perchlorate reduction (catalytic subunit: Smul˙3256) exhibits 29% identity with the PcrA of D. aromatica (90% coverage) and 35% identity with ClrA of I. dechloratans (92% coverage) (Fig. 2) . No genes for chlorite dismutase are encoded in the genome of S. multivorans. How the bacterium achieves complete perchlorate reduction without the action of Cld has yet to be investigated, but a similar abiotic detoxification mechanism to the one observed in A. fulgidus 19 is possible. Also, S. multivorans is routinely grown under anaerobic conditions and in the presence of reducing sulfur compounds. These are chemically very reactive with chlorite and form sulfur compounds of higher redox states. S. multivorans, which has the demonstrated ability to use a set of sulfur compounds as electron acceptors, 18, 59 may even be able to use such oxidized sulfur compounds as electron acceptors.
Also, perchlorate-reducing bacteria belonging to the Clostridia are commonly grown in media with reduced sulfur compounds. Although M. perchloratireducens was shown to possess Cld activity, 22 some perchlorate-reducing members of the Clostridia lack both a gene encoding Cld and measurable Cld activity, which suggests the existence of alternative mechanisms for chlorite elimination (unpublished results). Moorella spp. often have the ability to use sulfur compounds as electron acceptors (Table  1) . Theoretically, perchlorate-reducing members of the Clostridia and S. multivorans may rely on an abiotic/biotic sulfur-based loop similar to the one found in A. fulgidus.
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Members of the Halobacteriaceae also exhibit perchlorate-reducing abilities. 27 These halophilic archaea have a periplasmic Nar-type reductase that catalyzes the reduction of perchlorate and chlorate 20 ( Fig. 2) . However, the fate of the generated chlorite is not clear. Although Halobacteriaceae carry a gene that distantly resembles known Clds, no such activity could be determined in cell or cell-free extracts of Haloferax mediterranei grown on chlorine oxyanions. 20 Additionally, the Cld-like genes in Halobacteriaceae do not share conserved key residues for functional Cld. 74 Compounds other than reduced sulfur chemicals may possibly serve as equally effective reducing agents (e.g., Fe(II), AHDS, and humic acids) for the abiotic reduction of chlorite and allow for complete perchlorate and chlorate reduction without the involvement of Cld (Fig. 1C ). An interesting reaction in this respect is the chlorite-iodide reaction, which follows the stoichiometry ClO 2 -+ 4 H + + 4 I -→ 2 I 2 + 2 H 2 O + Cl -in aqueous solution. This oxyhalogen-halide reaction is well known for its oscillatory nature. 82 Knowledge about the biological relevance of this chemical reaction is limited. Iodide (I -) and iodate (IO 3 -) are the most abundant chemical species of the element iodine in nature. While iodide concentrations in sea water are in the nM to M range, they are significantly higher in natural gas brines, where they reach up to mM concentrations. 83 In such environments, a microbially induced reduction of chlorine oxyanions and the formation of extracellular chlorite would rapidly reduce iodide to iodine and not necessarily rely on a functional Cld. Marine algae such as Fucus ceranoides and algae of the Laminariales are known to accumulate iodide. [84] [85] [86] In the Laminariales, the accumulated iodide leads to an apoplastic antioxidant reservoir that can scavenge a variety of reactive oxygen species, such as peroxide, gaseous ozone, hydroxyl radicals, and superoxide. 85 Iodideaccumulating bacteria have also been described in marine environments, 87 but the physiological role of bacterial iodide accumulation is not yet understood.
Until now, only sulfur compounds have been demonstrated to play a role in the reduction of chlorine oxyanions and microbial growth based thereupon. Whether other compounds, and their reactivity with chlorite, are also able to compensate for the lack of Cld needs to be studied further.
Conclusions
From a microbial perspective, given the natural and continuous formation and deposition of chlorine oxyanions on Earth, chlorine oxyanions have always represented an attractive option as electron acceptors, but also a challenging one, because of the intermediate formation of the highly oxidative and toxic chlorite.
Functional genes for microbial chlorate and perchlorate reduction are predominantly found in members of the Proteobacteria, and these genes can be acquired laterally by plasmids or transposons and genomic islands. Highly efficient microbial reduction of chlorine oxyanions is classically associated with genes encoding chlorate-or perchloratereducing enzymes and the presence of a chlorite dismutase. However, some perchlorate-reducing microorganisms, particularly in very phylogenetically distant members of the Archaea, seem to lack a functionally efficient Cld, and do not exhibit Cld activity. In at least one case, enzymatically formed chlorite is scavenged by reduced sulfur compounds, which enables energy conservation and continuous reduction of chlorine oxyanions. 26 Such an abioticbiotic interplay may also exist in other chlorate-and perchlorate-reducing microorganisms and could possibly be mediated by compounds other than sulfur (e.g., Fe(II) and iodide).
Enzymes that efficiently reduce chlorate and perchlorate in addition to their canonical substrates (e.g., pNar of the Halobacteria or A. fulgidus) 20 further expand the biochemical versatility of the trait to respire with chlorine oxyanions 26, 27 ( Fig. 2) .
The most recent findings on alternative pathways for reduction of chlorine oxyanions and in-depth studies on the classical mesophilic chlorate and perchlorate reduction pathways 13, 16, 17 have expanded the phylogenetic and ecological distribution of the trait and necessitate further research.
Methods
The phylogenetic tree in Figure 2 was constructed with MEGA version 6 (Ref. 105 ) using the following sequences: Q8GPG4.1, P60068.1 (UniProt),
